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Received 8 January 2016; accepted 9 May 2016AbstractWhen well cementing is conducted in horizontal shale gas wells in Weiyuan block of the WeiyuaneChangning State Shale Demonstration
Area, Sichuan Basin, the oil-based drilling fluid is not compatible with cement slurry, is difficult to be displaced because of its high density, and
cement sheath tends to be broken in the situations of large-scale stimulated reservoir volume fracturing. In view of these problems, a series of
studies were carried out specifically on the theoretical basis of cement sheath sealing mechanical parameters, oil-displacement preflush
improving the interface cementation quality, toughness set cement satisfying large-scale fracturing requirements and cementing technology
conducive to the wellbore integrity. The following achievements were made. First, the theoretical model of cement sheath mechanical integrity
taking into account the plastic characteristics and interface cementation strength of cement sheath is instructive to the mechanical design of set
cement for horizontal shale gas wells, avoiding the micro-annulus as much as possible. Second, oil-displacement preflush is developed and it is
well compatible with oil-based drilling fluids and cement slurry with the flushing efficiency on oil-based drilling fluids higher than 90%. Third,
the tough set cement which is developed based on the theoretical model of cement sheath sealing integrity not only guarantees higher
compressive strength, but decreases Young's modulus by 30%. Forth, it is confirmed that water displacement cementing technology suitable for
shale gas wells is conducive to improving the wellbore seal integrity. These research findings were applied in 12 horizontal wells. It is indicated
that the quality cementing ratio of horizontal segment reaches 92% and the post fracturing effect is very good, which guarantees the sealing
integrity of wellbores and provides a technical support for the highly efficient development of shale gas reservoirs.
© 2016 Sichuan Petroleum Administration. Production and hosting by Elsevier B.V. This is an open access article under the CC BY-NC-ND
license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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geologic times, shale gas reservoirs in the United States are
younger (predominantly marine formations formed in Upper
Paleozoic and Mesozoic, with relatively stable geologic
structures), whereas those in China are older (with relatively
more active geologic structures and more complicated accu-
mulation patterns). Moreover, shale gas reservoirs reflect a
burial depth of 1000e3500 m, smaller drilling difficulties and
fracturing pressure of 50e70 MPa in the United States, and a
burial depth of 1500e5000 m, greater drilling difficulties and
fracturing pressure of 60e100 MPa in China. With large well
depth, high temperature & pressure and high fracturingnting of horizontal shale gas wells in Weiyuan block and the countermeasures,
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quirements for cementing operations, and higher challenges to
ensure wellbore integrity [1]. As to cementing techniques for
shale gas wells abroad, conventional surfactants, emulsifica-
tion, nanometer emulsification, multiple emulsification and
other preflush systems have been developed and extensively
deployed in fields as high-efficiency preflush for oil-based
drilling fluids. As to cement slurry systems for shale gas
wells, a toughening inflatable cement slurry system (Elasti-
Cem Cement of Halliburton, Flexstone of Schlumberger and
DuraSet of BJ), foam cement system (Automated Foam
Cement of BJ Services), acid-soluble cement system, and anti-
channeling cement slurry system have been developed. As to
cementing techniques for horizontal shale gas wells, specific
software for cementing operations have been developed to
ensure casing centralization under different positioning con-
ditions of centralizers, to maintain sufficient displacement
efficiency under different slurry flow rates, and to simulate and
optimize wellhead pressures and annular pressures in different
working stages. Generally, shale gas exploration and devel-
opment are still in their initial stages with relevant cementing
technologies still under development. To ensure high-
efficiency development of shale gas, systematic studies
should be performed on cementing technologies for shale gas
wells in view of the technical bottlenecks in horizontal shale
gas well cementing.
1. Technical difficulties in cementing operations and
factors affecting wellbore integrity of horizontal shale gas
wells
Geologic characteristics of shale gas reservoirs and devel-
opment objectives to enhance individual well productivity
jointly determine the technical features in drilling and
completion of horizontal shale gas wells. Reversely, geologic
features and technical features in drilling and completion op-
erations determine the difficulties in cementing operations for
shale gas wells.
Geologic features of shale gas wells may make their
cementing operations difficult in the following aspects. First,
in the Weiyuan block, shale gas formations have high pres-
sures and poor fracturability. In addition, high fracturing
pressure may usher in significant challenges to wellbore
sealing in later stages. Second, with thin sheet beddings, shale
reservoirs have outstanding anisotropic features such as
strengths and Poisson's ratios. Consequently, shale formations
are characterized by extremely high water sensitivity and
susceptible to collapsing. Under such circumstances, it is
difficult to install casing and to maintain high displacement
efficiency in cementing operations.
Specific features in drilling and completion of shale gas
wells may bring the following technical challenges [2e13].
First, long horizontal sections (1500e2000 m) in shale for-
mations make installation and centralization of casing
extremely difficult. Second, since shale formations are char-
acterized by difficulties in side-wall stability and reservoir
protection, oil-based drilling fluids are extensively deployedPlease cite this article in press as: Yuan JP, et al., Technical difficulties in the ceme
Natural Gas Industry B (2016), http://dx.doi.org/10.1016/j.ngib.2016.05.011in shale formation drilling. With high viscosity and strong
adhesive capacity, oil-based drilling fluids can hardly be
flushed and displaced by conventional water-based preflush.
In addition, cement slurry and oil-based drilling fluid are
incompatible. If the oil-based drilling fluid cannot be effec-
tively displaced, a water-wet surface would not occur between
the sidewall and the casing wall. In this case, cementation
performances of the cement sheath on the primary and sec-
ondary interfaces may be compromised significantly and
eventually generate unfavorable conditions for reservoir
stimulation in later stages. Third, volume fracturing deployed
in shale gas wells may present high demands of mechanical
properties of the cement sheath. Under high fracturing pres-
sure, temperature changes in wellbore during fracturing may
negatively affect the collapsing strength of the casing.
Consequently, possibility of casing failure may be increased.
Since the sealing capacity of cement sheath is highly depen-
dent on the burst strength of the casing, higher fracturing
pressure may bring significant problems related to casing
deformation and abnormal pressurization in annulus. And
forth, cementing operations in shale gas wells may involve
high pressures in freshwater displacement. Cementing facil-
ities with higher pressure ratings should be deployed.
Consequently, higher requirements for auxiliary cementing
tools may be presented. For example, floating collars with
high resistance to reverse pressures and abrasion-proof rubber
plugs should be used.
2. Key techniques for horizontal shale gas well cementing2.1. Theoretical model for the integrity of cement sheath
sealingDuring the fracturing and production of shale gas wells,
failure in sealing capacity of cement sheath may include
damages in the cement sheath due to tensile or shearing forces.
Besides, high pressures during fracturing and pressure release
after fracturing may also generate micro-annulus on the pri-
mary interface (cement sheathecasing interface) or the sec-
ondary interface (cement sheathewall rock interface).
For an analysis of the cement sheath integrity during the
fracturing and production of shale gas wells, a combined
mechanical model considering the plastic properties of the
cement sheath and the cementing strength of interfaces was
developed [14] (Fig. 1). By simulating the ups (during
loading) and downs (during unloading) of casing pressures
during hydraulic fracturing and other operations, root causes
for the generation of micro-annulus were analyzed. In addi-
tion, the theoretical formula used to determine the sizes of
micro-annulus on interfaces under variable internal pressures
were derived. Damages on cement sheath, together with the
development of micro-annulus on the primary and secondary
interfaces, were clarified. In this way, the integrity of the
cement sheath was analyzed during the entire fracturing pro-
cess. Moreover, integrity simulation test data for the combi-
nation specified in Ref. [15] was used to verify the results
obtained by using the model.nting of horizontal shale gas wells in Weiyuan block and the countermeasures,
Fig. 1. Model for the combination of casingecement sheathewall rock. Note:
Such data as r0, r1, r2, p0, p1, … were referred to Ref. [14].
Fig. 2. Changes of pressures on the primary and secondary interfaces with the
internal pressure of casing.
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Sichuan Shale Gas Development Demonstration Zone (Table
1) were used to simulate the entire hydraulic fracturing loa-
dingeunloading process, in order to analyze the stresses on the
casingecement sheathewall rock system in the horizontal
section (with well depth of 3500 m) and determine if cement
sheath may experience damages or have micro-annulus during
fracturing under various mechanical conditions. Through these
calculations and analyses, failures of cement sheath integrity
during fracturing were clarified. In addition, corresponding
solutions were proposed. These research results may provide
reliable foundation for the design of cementing operations and
may provide necessary guidance to the on-site operations and
the design of parameters for relevant materials.
During fracturing, contact pressures on the primary and
secondary interfaces may increase as the internal pressure of
the casing rises, and the maximum pressure on the primary
interface is higher than that of the secondary interface (Fig. 2).
Stresses on the cement sheath are related to the Young's
modulus of the set cement. It can be seen in Fig. 3 that, under
specific compressive strength, the lower the Young's modulus
is, the lower the contact pressures on the primary interface will
be, and less damage to the set cement caused by fracturing.
As the internal pressure of the casing rises, the cement
sheath may gradually enter the plastic zone from the internal
border (Fig. 4). Once entered the plastic zones, cement sheath
may experience irrecoverable plastic deformation; whereas,
deformation of casing can be fully restored. During unloading,
the internal border of the cement sheath may departure from
the external border of the casing with the decrease of wellhead
pressure. Thus, micro-annulus in annulus may be generated on
the primary interface (Fig. 5). It can be seen in Figs. 4 and 5
that the lower Young's modulus is and the smaller thickness of
the plastic zone is, the smaller the micro-annulus will be.Table 1
Operation and materials parameters for Well Wei-204H3-3.
Well
depth/m
Inner radius
of casing/mm
Outer radius
of casing/mm
Outer radius
of cement
sheath/mm
Formation
pressure
coefficient
Forma
fractur
pressu
3500 57.15 69.85 118.75 1.3 100
Please cite this article in press as: Yuan JP, et al., Technical difficulties in the ceme
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micro-annulus are also related to the strength of the cement
sheath (Figs. 6 and 7). The higher the yield strength of the set
cement is and the smaller the thickness of the plastic zone is,
the smaller the micro-annulus will be.
For the clarification of mechanical parameters of the cement
sheath required to ensure wellbore integrity during fracturing,
yield strength and Young's modulus of the cement sheath were
modified respectively to determine the maximum pressure and
micro-annulus on the primary interface during fracturing. The
results show that set cement with high strength and low Young's
modulus can fully satisfy the demands of fracturing operations
(the section highlighted in green in Table 2).
Research results show that, for the same set cement,
reduction of Young's modulus or enhancement of the
compressive strength or the interface cementation stress can
effectively protect the cement sheath and prevent micro-
annulus from forming. With consideration to model analyses
results, optimizations were made in the formula of the cement
slurry, operation techniques and other aspects. Through opti-
mization of the preflush system, displacement efficiency can
be enhanced to obtain desirable cementing strength on in-
terfaces to eliminate micro-annulus. By toughening the set
cement, the Young's modulus can be reduced to protect the set
cement against damages induced by tension or shearing. In
addition, the possibility of micro-annulus formation can be
minimized to enhance the system integrity. Freshwater can
also be deployed as post-flush to promote the contact forces on
interfaces to prevent micro-annulus from forming. Theoretical
calculation results displayed satisfactory performances in field
application with no abnormal pressure observed in annulus
during fracturing.tion
ing
re/MPa
Young's modulus/GPa Poisson's ratio
Casing Cement
sheath
Formation Casing Cement
sheath
Formation
210 5e10 20 0.25 0.17 0.25
nting of horizontal shale gas wells in Weiyuan block and the countermeasures,
Fig. 3. Correlation between the maximum pressure on the primary interface
and the Young's modulus of the set cement.
Fig. 5. Correlation between the sizes of micro-annulus and the Young's
modulus of set cement.
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deployed for the drilling of horizontal shale gas wells in the
Weiyuan block. These drilling fluid systems can effectively
protect the borehole from collapsing due to water absorption
and expansion of shale. In this way, side-wall stability can be
maintained effectively during drilling. However, it is necessary
to deploy oil-displacement preflush to cope with the oil-based
drilling fluid prior to the deployment of cement slurry to
ensure operation safety and to achieve favorable bonding of
the cement sheath. The preflush system may remove residual
oil films and slurries on the secondary interface, improve the
wettability of side-walls and casing walls and ensure the
bonding quality on interfaces of the cement sheath in later
stages.
2.2.1. Compositions of oil-displacement preflush system
The oil-displacement preflush system is composed of pre-
flush deflocculant DRY-S1, preflush high-temperature defloc-
culant DRY-S3, preflush irrigation DRY-100L, preflush
irrigation DRY-200L and weighting materials. Particularly,
DRY-S1 and DRY-S3 may provide the system with stable and
reliable suspension capacity, while DRY-100L and DRY-200LFig. 4. Correlation between plastic zone thickness and internal casing pressure
(E refers to Young's modulus of the set sement).
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cleaning capacity against oil-based drilling fluids.
2.2.2. Performance of oil-displacement preflush system
2.2.2.1. Settling stability. Basic formula of the oil-displacement
preflush system: freshwaterþ 2.0% preflush deflocculant DRY-
S1 þ 2.5% preflush high-temperature deflocculant DRY-
S3 þ 2.0% preflush irrigation DRY-100L þ 8.0% preflush irri-
gation DRY-200L þ X% weighting material þ 1.0% retarder
DRH-200L þ 0.2% defoamer DRX-1L.
It can be seen in Table 3 that the oil-displacement preflush
with densities of 2.10e2.30 g/cm3 displays a favorable settling
stability under temperatures of 90 C and 120 C. With a
differential density below 0.03 g/cm3, the demands of
cementation operations can be fully satisfied.
2.2.2.2. Wettability alteration and flushing performances on
interfaces. Qualitative and quantitative assessment was made
on the steel plate wettability alterations induced by the oil-
displacement preflush on surfaces. Method 1: See more de-
tails in Fig. 8. Fig. 8a shows the wettability of the clean steel
plate surface by freshwater, and Fig. 8b shows the wettability
of surface of steel plate soaked in oil-based drilling fluid by
freshwater. It can be seen in Fig. 8b that the surface of the steel
plate soaked in oil-based drilling fluid contains some residual
oil. Consequently, the wettability of freshwater on the surface
was compromised. Fig. 8c shows the wettability of surface of
steel plate soaked in oil-based drilling fluid by freshwater after
the cleansing by oil-displacing preflush. It can be seen in
Fig. 8c that after the cleansing by the oil-displacement pre-
flush, the steel surfaces soaked in oil-based drilling fluid
altered from a hydrophobic state to a hydrophilic state,
showing a significant increased wettability of the steel surface
by freshwater.
Method 2: Contact angles on surfaces can be determined
for a, b and c scenarios in Fig. 1, respectively. See Table 4 for
relevant test results. Contact angles of freshwater on such
surfaces may reflect spreading capacities of the freshwater on
such surfaces. Smaller contact angles may indicate highernting of horizontal shale gas wells in Weiyuan block and the countermeasures,
Fig. 6. Correlation between thickness of the plastic zone and yield strength of
the set cement.
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displacement preflush can significantly reduce the contact
angles on the steel surface soaked in oil-based drilling fluid. It
can be concluded that oil-displacement preflush has a strong
capacity for wettability alteration.
By using the 6-speed rotary viscosimeter, performance of
oil-displacement preflush (with a density of 2.20 g/cm3) on
oil-based drilling fluid (with a density of 2.10 g/cm3) was
assessed, with results shown in Fig. 9. Fig. 9a shows the
external cylinder of the viscosimeter soaked by oil-based
drilling fluid. First of all, the oil-displacement preflush was
used to flush the oil-based drilling fluid for 2 min (Fig. 9b).
Then, freshwater was used to flush it for 1 min (Fig. 9c). Side
walls of the rotary viscosimeter were basically free of residues
with flushing efficiency up to 100%. It can be seen that the oil-
displacement preflush has an outstanding performance in the
flushing of oil-based drilling fluids to achieve high flushing
efficiency within a relatively short time.
2.2.2.3. Compatibility of oil-displacement preflush with both
oil-based drilling fluid and cement slurry. Table 5 shows the
results of assessment on the compatibility of oil-based drilling
fluid (with a density of 2.10 g/cm3) with cement slurry (with a
density of 2.25 g/cm3) and the oil-displacement preflush (with
a density of 2.20 g/cm3).
It can be seen in Table 5 that oil-displacement preflush has
a satisfactory compatibility with both oil-based drilling fluid
and high-density cement slurry to fulfill the requirements of
cementing operations.2.3. Toughening set cement slurry system
2.3.1. Principles for the design of the toughening set
cement slurry system
① Styrene-butadiene latex DRT-100L is a fleeing-proof
agent with excellent toughening performance. With powdery
toughening fleeing-proof agent DRT-100S, double effects on
the toughening of the set cement can be achieved. ② Appli-
cation of high-quality quartz sands, iron powder with desirable
diameters and microsilicon can further enhance the dense
packing of the set cement, and accordingly, further enhancePlease cite this article in press as: Yuan JP, et al., Technical difficulties in the ceme
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using additives with a satisfactory compatibility with the
toughening fleeing-proof agent, properties of cement slurry
can be further promoted. ④ Through the optimization of
overall performance of toughening set cement slurry/set
cement, requirements related to 2e3 d quality inspection and
long-term sealing performances can be satisfied.
2.3.2. Performance of toughening set cement slurry system
2.3.2.1. Formula for conventional-density toughening set
cement slurry system. Formula #1: Jiajiang Grade-G
cement þ 20% quartz sand þ 3% microsilicon þ 2.0%
fluid-loss additive DRF-120L þ X% retarder DRH-
200L þ 0.6% dispersant DRS-1S þ 8% latex DRT-
100L þ 1.2% latex regulator DRT-100LT þ 2% toughening
fleeing-proof agent DRT-100S þ 0.15% stabilizer DRK-
3S þ defoamer DRX-1L þ foam depressant DRX-2L þ water
(with a cement slurry density of 1.92 g/cm3).
It can be seen in Table 6 that the toughening set cement
slurry systems with a conventional density have outstanding
performances with API filtering losses controlled under 50 mL
and differential densities below 0.03 g/cm3 without free liquid.
It suggests that the performances of these systems can satisfy the
demands of cementing operations in horizontal shale gas wells.
2.3.2.2. Formulas for high-density toughening set cement
slurry systems with various densities. Formula #2: Jiajiang
Grade-G cement þ 3% microsilicon þ 50% fine iron
powder þ 2.0% fluid-loss additive DRF-120L þ X% retarder
DRH-200L þ 0.8% dispersant DRS-1S þ 10% latex DRT-
100L þ 1.4% latex regulator DRT-100LT þ 0.6% stabilizer
DRK-3S þ defoamer DRX-1L þ foam depressant DRX-
2L þ freshwater (2.15 g/cm3).
Formula #3: Jiajiang Grade-G þ 3% microsilicon þ 80%
fine iron powder þ 2.0% fluid-loss additive DRF-120L þ X%
retarder DRH-200L þ 0.8% dispersant DRS-1S þ 10% latex
DRT-100L þ 1.4% latex regulator DRT-100LT þ 0.6% sta-
bilizer DRK-3S þ defoamer DRX-1L þ foam depressant
DRX-2L þ freshwater (2.30 g/cm3).
It can be seen in Table 7 that high-density toughening set
cement slurry systems have outstanding performances with
API filtering losses controlled under 50 mL and differential
densities below 0.03 g/cm3 without free liquid. It suggests that
the performances of these systems can satisfy the demands of
cementing operations in vertical intervals of horizontal shale
gas wells.
2.3.3. Mechanical properties of tough set cement
The compressive strengths and Young's modulus of set
cement with various densities were evaluated with results
shown in Table 8.
It can be seen in Table 8 that, compared with set cement
without toughening, toughened set cement with a conventional
density (1.92 g/cm3) may have compressive strength reduced
by 20%, whereas Young's modulus of the set cement may
reduce by 32%. Compared with the set cement withoutnting of horizontal shale gas wells in Weiyuan block and the countermeasures,
Fig. 7. Correlation between the sizes of micro-annulus and the yield strength
of the set cement.
Table 3
Settlement stability of high-density preflush.
S/N Density of
preflush fluid/(g cm3)
Differential density
at 90 C (g cm3)
Differential density
at 120 C (g cm3)
1 2.10 0.01 0.03
2 2.20 0.01 0.02
3 2.30 0 0.02
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may have compressive strength decreased by 12%, whereas
the Young's modulus may be decreased by 32%. Compared
with the set cement without toughening, toughened high-
density (2.30 g/cm3) set cement may have compressive
strength decreased by 12%, whereas the Young's modulus may
be decreased by 30%. It can be concluded that set cement with
conventional density and high-density set cement have
outstanding performances after modification. These perfor-
mances may facilitate maintenance of the mechanical integrity
of set cement during staged fracturing.2.4. Matching technologies for cementing operations
2.4.1. Freshwater displacement to promote wellbore sealing
performances
With freshwater as the displacement fluid, casings are
subject to lower circumstantial stresses than those produced
with high-density drilling fluids as the displacement fluids.Table 2
Maximum pressure on the primary interface and calculated size of micro-annulus
Please cite this article in press as: Yuan JP, et al., Technical difficulties in the ceme
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rity in later fracturing operations can be better maintained. In
addition, displacement operations involving freshwater may
enhance the differential pressures between the inside and
outside casing. Equivalent to cementing operations by using
pre-stresses, these operations may effectively enhance the
early strength of the set cement, reduce porosity, decrease or
alleviate micro-annulus induced by radial deformation of the
casing. In this way, cementing quality on the primary and the
secondary interfaces can be enhanced dramatically [16].
2.4.2. Technical measures to ensure safe casing installation
and proper centralization of the newly-installed casing
1) Drifting operations should be intensified. Drilling tools
with rigidity no less than the casing should be used to
drift the well. Once the well has been fully drifted,
sufficient circulations should be made to ensure the
borehole cleanness. No casing installation operation can
be performed until the bottom has been fully cleaned
with no sand settlement, normal friction resistance dur-
ing tripping operations have been obtained.
2) Software should be deployed to simulate friction resis-
tance and centralization of the casing during casing
installation. Cares should be taken to ensure casing
safety and the centralization degrees higher than 67%.during fracturing under various mechanical conditions of cement sheath.
nting of horizontal shale gas wells in Weiyuan block and the countermeasures,
Fig. 8. Wettability of steel plate surfaces by freshwater under various conditions.
Table 4
Wettability of steel plate surface by freshwater.
S/N of steel plate Contact angle/() Remarks on wettability
a 22 Good
b 74 Poor
c 15 Good
Table 5
Results of compatibility assessment.
Fluid mixture (%v/v) 6-Speed readings of rotary
viscosimeter
Oil-based
drilling fluid
Cement slurry Spacer fluid
100 0 0 e 282 205 124 37 35
0 100 0 e 224 168 104 28 26
0 0 100 135 93 92 70 32 30
95 0 5 e 233 172 105 35 32
75 0 25 e 217 161 100 25 22
50 0 50 e 197 150 95 17 11
25 0 75 94 160 128 91 34 29
5 0 95 200 152 132 96 41 35
0 95 5 e 223 170 104 20 15
0 75 25 e 230 170 105 20 15
0 50 50 e 235 180 123 36 31
0 25 75 291 209 173 127 50 48
0 5 95 85 141 135 99 40 36
33.30 33.30 33.30 e e 270 179 54 46
Fig. 9. Performances of the oil-displacement preflu
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should be established at lower flow rates in earlier
stages. Then, the flow rates can be increased gradually to
normal level during drilling. Properties of the drilling
fluids should be adjusted in accordance with specific
requirements. At least two rounds of circulation should
be made.
3) Speed of tripping-in operations should be controlled
strictly. The time for tripping-in of each casing in upper
sections should be no less than 30 s. Out of the upper
casing shoe, the time for tripping-in of each casing
should be no less than 50 s. In lower intervals, tripping-
in time of each casing should be controlled at
30 se1 min.
4) Rotary guide shoes (Fig. 10) can be used to ensure the
proper casing installation.
5) Installation of the centralizer. In the open-hole hori-
zontal section, each casing should be equipped with one
centralizer. Centralizers with high rigidity and semi-
rigidity should be placed alternatively to ensure the
proper casing centralization in the horizontal section.
6) If problems related to long cement plugs exist in a
horizontal section, composite rubber plugs can be used
to eliminate the possibility of failure of such rubber
plugs due to abrasion.sh on the flushing of oil-based drilling fluids.
nting of horizontal shale gas wells in Weiyuan block and the countermeasures,
Table 6
Overall performances of toughening set cement slurry with conventional
density.
Formula Temperature/C API filtering
loss/mL
Thickening
time/min
Differential
density/
(g cm3)
Free
liquid
#1 100 43 228 0.02 0
#1 110 45 198 0.02 0
#1 120 46 186 0.03 0
Table 7
Overall performances of high-density toughening set cement slurry.
Formula Temperature/C API filtering
loss/mL
Thickening
time/min
Differential
pressures/
(g cm3)
Free
liquid
#2 100 36 279 0.02 0
#3 100 38 264 0.02 0
#2 110 38 286 0.02 0
#3 110 40 313 0.02 0
#2 120 42 295 0.03 0
#3 120 40 348 0.03 0
Table 8
Mechanical properties of toughened high-density set cement.
Density of cement
slurry/(g cm3)
120 C compressive
strength (72 h)/MPa
Young's
modulus/GPa
Remarks
1.90 40.5 8.8 Without toughening
1.90 32.2 6.0 With toughening
2.15 28.2 8.4 Without toughening
2.15 24.8 5.7 With toughening
2.30 27.6 8.3 Without toughening
2.30 24.3 5.8 With toughening
Table 9
Cementing operations of Ø139.7 mm production casing in 12 wells in the Weiyua
S/N Well No. TD/m Length of horizontal
section/m
Density of d
fluids/(g cm
1 Wei 202H2-1 4370 1240 2.08
2 Wei 202H2-2 4580 1480 2.10
3 Wei 202H2-3 4693 1300 2.07
4 Wei 202H2-4 4890 1600 2.12
5 Wei 202H2-5 4835 1600 2.08
6 Wei 202H2-6 4760 1500 2.08
7 Wei 204H2-3 5585 1404 2.21
8 Wei 204H2-6 5230 1460 2.20
9 Wei 204H3-1 5355 1500 2.19
10 Wei 204H3-3 5282 1500 2.20
11 Wei 204H3-4 5315 1430 2.20
12 Wei 204H3-6 5156 1149 2.25
Fig. 10. A rotary guide shoe.
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1) Since freshwater displacement operations may involve
significantly high operation pressures, designated frac-
turing vehicles should be deployed in such displacement
operations. In addition, cementing devices of higher
grades should be deployed as well.
2) Floating collars with high capacities to endure pressures
in reverse directions should be used.
3. Field application and results
Well Wei-204H3-6 was the first horizontal shale gas well
with matching cementing technologies applied in the Weiyuan
block, Sichuan Basin. With a total depth of 5156 m, the well
had Ø139.7 mm production casing installed at the depth of
5098 m, and a length of the horizontal section of 1149 m
drilled by using oil-based drilling fluid with a density of
2.25 g/cm3. During cementing operations, lead slurry with a
density of 2.25 g/cm3 for high-density oil-displacement pre-
flush was injected with a total volume of 30 m3. In addition,
high-density toughening lead cement slurry with a density of
2.30 g/cm3 and a volume of 40 m3 was injected, and tough-
ened lead cement slurry with a density of 1.92 g/cm3 and a
volume of 33 m3 was injected. Generally, 97.7% of the hori-
zontal sections had high-quality cementing operations.
Matching cementing technologies have been applied in 12
wells in the Well Weiyuan-204 area and Well Weiyuan-202
area with an average high-quality cementing operation rate
of 92% (Table 9). With satisfactory outcomes in fracturing
operations in later stages, these technologies may provide a
high-efficiency development of shale gas in these blocks with
reliable supports.
4. Conclusions and suggestions
1) Wellbore integrity in horizontal shale gas wells can be
seen as the core technique to achieve a desirable pro-
ductivity of these wells. Cementing operations mayn block.
rilling
3)
Density of cement
slurry/(g cm3)
Rate of high-quality
cementing in horizontal
section
Lead slurry Tail slurry
2.15 1.92 100.00%
2.15 1.92 98.66%
2.15 1.92 99.92%
2.20 1.92 91.26%
2.15 1.92 93.78%
2.15 1.92 91.73%
2.30 1.92 100.00%
2.29 1.92 74.40%
2.30 1.92 88.04%
2.30 1.92 69.70%
2.30 1.92 99.55%
2.30 1.92 97.70%
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following key parts: proper installation and centraliza-
tion of casings, development of high-performance oil-
displacement preflush systems, high-performance set
cement with desirable properties for fracturing opera-
tions, development of pipe strings with suitable struc-
tures and application of pre-stress cementing techniques.
2) Cares should be taken during the design of cementing
operations to clarify tensile and shearing damages of the
cement sheath, together with the micro-annulus on the
primary and secondary interfaces.
3) Through the toughening of the set cement, Young's
modulus can be reduced to eliminate the micro-annulus
induced by tensile stresses and shearing of the set
cement. In this way, the system integrity can be
enhanced effectively. By enhancing the displacement
efficiency and by achieving desirable cementing strength
on interfaces, micro-annulus can be prevented from
forming.
4) More researches should be performed on such aspects as
the integrity theory about horizontal shale gas wells, the
mechanisms related to oil-based drilling fluid displace-
ments and the deformation of casings.References
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